Women experience a decline in estrogen and androgen levels after natural or surgically induced menopause, effects that are associated with a loss of sexual desire and bone mineral density. Studies in our laboratories have shown the beneficial effects of selective androgen receptor modulators (SARMs) in the treatment of osteoporosis and muscle wasting in animal models. A series of S-3-(phenoxy)-2-hydroxy-2-methyl-N-(4-cyano-3-trifluoromethyl-phenyl)-propionamide analogs was synthesized to evaluate the effects of B-ring substitutions on in vitro and in vivo pharmacologic activity, especially female sexual motivation. The androgen receptor (AR) relative binding affinities ranged from 0.1 to 26.5% (relative to dihydrotestosterone) and demonstrated a range of agonist activity at 100 nM. In vivo pharmacologic activity was first assessed by using male rats. Structural modifications to the B-ring significantly affected the selectivity of the SARMs, demonstrating that single-atom substitutions can dramatically and unexpectedly influence activity in androgenic (i.e., prostate) and anabolic (i.e., muscle) tissues. (S)-N-(4-cyano-3-trifluoromethyl-phenyl)-3-(3-fluoro,4-chlorophenoxy)-2-hydroxy-2-methyl-propanamide (S-23) displayed full agonist activity in androgenic and anabolic tissues; however, the remaining SARMs were more prostate-sparing, selectively maintaining the size of the levator ani muscle in castrated rats. The partner-preference paradigm was used to evaluate the effects of SARMs on female sexual motivation. With the exception of two four-halo substituted analogs, the SARMs increased sexual motivation in ovariectomized rats, with potency and efficacy comparable with testosterone propionate. These results indicate that the AR is important in regulating female libido given the nonaromatizable nature of SARMs and it could be a superior alternative to steroidal testosterone preparations in the treatment of hypoactive sexual desire disorder.
severely affecting a woman's quality of life. It is believed that the decrease in libido, sexual receptivity, and responsiveness is associated with free testosterone levels that decline after surgically induced or natural menopause.
Clinical trials in premenopausal women revealed that sexual desire and arousal may be enhanced when administered a once-daily spray of a 90-g metered-dose transdermal testosterone preparation for 16 weeks compared with placebo (Davis et al., 2008a) . Likewise, when postmenopausal women received a biweekly 300 g/day testosterone patch for 24 weeks the frequency of satisfying sexual events, including desire, arousal, orgasm, pleasure, and responsiveness, as well as body image, increased compared with placebo (Shifren et al., 2006) . In addition, clinical trials of a 300 g/day testosterone patch improved sexual functioning, desire, fantasies, and well being in bilaterally oophorectomized women receiving concomitant estrogen therapy after 12 weeks of treatment (Buster et al., 2005) or 16 weeks of treatment (Simon et al., 2005) . The most common side effects associated with transdermal testosterone treatment in women include hirsutism and acne and rare occurrences of alopecia, breast pain, weight gain, and voice deepening. However, clinical use of transdermal testosterone administration for HSDD has been problematic because of the lack of long-term safety data on breast cancer and cardiovascular risks (i.e., increased blood triglycerides) associated with exogenous testosterone administration.
Sexual behavior in rats is characterized by consummatory and appetitive components. Consummatory aspects describe the receptive behavior, including the lordosis reflex to allow copulation by a male. The appetitive components include the soliciting or proceptive behaviors to attract and arouse sexual interest. Blasberg et al. (1998) reported that nonaromatizable anabolic steroids inhibit sexual receptivity in hormonally primed ovariectomized (OVX) rats; however, the effects of anabolic steroids on proceptive behaviors have not been determined.
The development and potential clinical use of tissue-selective androgen receptor modulators (SARMs) have advanced tremendously over the past few years. A variety of chemical scaffolds that modulate the androgen receptor (AR) in a tissue-selective manner have been identified. We were the first to report the structure-activity relationships, both in vitro and in vivo, for anabolic and androgenic activities and tissue selectivity of these nonsteroidal AR ligands (Dalton et al., 1998; He et al., 2002; Yin et al., 2003b) . Of these SARMs, we have reported a few with potential use in androgen-related conditions, including male hormonal contraception (Chen et al., 2005a; Jones et al., 2009 ) and muscle strength and benign prostate hyperplasia in male animal models. In female rats, Kearbey et al. (2007) reported the effects of an aryl-propionamide SARM on bone in an ovariectomized model of postmenopausal osteoporosis. The SARM inhibited ovariectomy-induced loss of whole-body bone mass density, improved bone strength, decreased fat mass, and increased lean body mass (Kearbey et al., 2007) .
In the current studies, we examined the effect of different B-ring substitutions of aryl-propionamide SARMs on AR binding affinity and AR-and ER-mediated transcriptional activation, virilizing potential and pharmacologic activity in orchidectomized (ORX) male and ovariectomized rats. Furthermore, we examined the effects of these SARMs on the sexual motivation and solicitation of progesterone-primed ovariectomized rats in a partnerpreference model to evaluate the preference of the female for a sexually active intact male or a sexually inactive orchidectomized male and to help clarify whether the androgen receptor plays a role in the sexual behavior of females. A SARM structurally similar to (S)-N-(4-cyano-3-trifluoromethyl-phenyl)-3-(3-fluoro,4-chlorophenoxy)-2-hydroxy-2-methyl-propanamide (S-23) (Jones et al., 2009 ) is able to maintain mating behavior in sexually experienced male rats after long-term castration (unpublished data). The dose-dependent effect of S-23 on female sexual motivation and a series of SARMs with structural modifications on the B-ring was evaluated at a single, high dose in the partner-preference paradigm, and their effects on the growth of the endometrial and myometrial layers of the uterus were studied. Testosterone propionate (TP) and a few of the SARMs were also evaluated for their ability to inhibit ovariectomy-induced elevations in luteinizing hormone (LH) and follicle-stimulating hormone (FSH). The results of these studies provide the first evidence of structurally diverse SARMs in this animal model and provide definitive proof of the importance of AR function to female sexual motivation.
Materials and Methods
In Vitro AR Binding Affinity. The ligand binding domain (LBD) of the AR fused with glutathione S-transferase (GST) was expressed as a recombinant protein (AR GST-LBD) as described previously (Bohl et al., 2005) . The equilibrium binding constant (K i ) of each of the S-(4-cyano-3-trifluoromethyl)-propionamide analogs was determined in a radiolabeled competitive binding assay (Mukherjee et al., 1996) . S-3-(4-cyanophenoxy)-2-hydroxy-2-methyl-N-(4-cyano-3-trifluromethylphenyl)-propionamide (S-22), S-23, (S)-N-(4-cyano-3-trifluoromethylphenyl)-3-(4-fluorophenoxy)-2-hydroxy-2-methyl-propanamide (S-24), (S)-N-(4-cyano-3-trifluoromethyl-phenyl)-3-(4-chlorophenoxy)-2-hydroxy-2-methyl-propanamide (S-25), S-3-(4-bromophenoxy)-2-hydroxy-2-methyl-N-(4-cyano-3-trifluoromethyl-phenyl)-propionamide (S-26), S-3-(4-iodophenoxy)-2-hydroxy-2-methyl-N-(4-cyano-3-trifluoromethyl-phenyl)-propionamide (S-27), S-3-(3,4- -3-(3,4-dichloro-phenoxy)-2-hydroxy-2-methyl-N-(4-cyano-3-trifluoromethyl-phenyl)-propionamide (S-29) , S-3-(4-acetamidophenoxy)-2-hydroxy-2-methyl-N-(4-cyano-3-trifluoromethyl-phenyl)-propionamide (S-30), and (R)-N-(4-cyano-3-trifluoromethyl-phenyl) -3-(3-fluoro, 4-chlorophenoxy)-2-hydroxy-2-methyl-propanamide (R-23) all were synthesized in our laboratories as described previously (Marhefka et al., 2004) . Chemical purities were confirmed by mass spectroscopy and nuclear magnetic resonance and determined to be more than 99%. Increasing concentrations (3-10 4 nM) of each compound of interest were incubated with 4 nM [ 3 H]MIB (PerkinElmer Life and Analytical Sciences, Waltham, MA) and AR GST-LBD at 4°C for 18 h. Protein was also incubated with and without a high concentration (10 Ϫ6 M) of unlabeled MIB (PerkinElmer Life and Analytical Sciences) to determine total and nonspecific binding, respectively. The plates were harvested with GF/B filters on the Unifilter-96 Harvester (PerkinElmer Life and Analytical Sciences) and washed three times with ice-cold buffer. The filter plates were dried at room temperature, Microscint-O cocktail (PerkinElmer Life and Analytical Sciences) was added to each well and sealed, and radioactivity was counted in a TopCount NXT Microplate Scintillation Counter (PerkinElmer Life and Analytical Sciences In Vitro AR-and Estrogen Receptor-Mediated Transcriptional Activation. The in vitro functional activity of the compounds of interest were determined by the ability of each ligand to induce AR-mediated or estrogen receptor (ER)-mediated transcriptional activation in a cotransfection system (Yin et al., 2003c) . At ϳ90% confluence, CV-1 cells (AR) or human embryonic kidney 293 cells (ER␣) were transiently transfected in 15-cm dishes in serum-free Dulbecco's minimal essential medium (HyClone Laboratories, Logan, UT), using Lipofectamine (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Cells in each dish were transfected with 45 g of GRELuc, 1 g of CMVLuc (Renilla luciferase), and 2.5 g of CMVhAR, CMVhER␣, or CMVhER␤ expression vector. Cells were allowed to recover for 12 h and were then seeded into 24-well plates (8 ϫ 10 4 per well) in Dulbecco's minimal essential medium containing 2% charcoal-stripped fetal bovine serum (HyClone Laboratories) and allowed to recover for an additional 8 h before drug treatment. Previous experiments in our laboratories determined that the lowest concentration of DHT that maximally induced AR-mediated transcriptional activation was 1 nM (Dalton et al., 1998) . Likewise, 1 nM estradiol (E 2 ; Sigma-Aldrich) was required to maximally induce ER␣ and ER␤-mediated transcriptional activation (data not shown). Therefore, in the present study, the transcriptional activation induced by 1 nM of DHT or E 2 was set as 100% and used as the reference for quantifying the agonist activity of the test compounds. Twenty-four hours after drug treatment, cells were washed with Dulbecco's phosphate-buffered saline (PBS) (HyClone Laboratories) and lysed with 50 l/well of passive lysis buffer for 30 min at room temperature. An aliquot (25 l) of cell lysate was used for luciferase assays (Dual-Luciferase Reporter Assay System; Promega, Madison, WI). Transcriptional activity in each well was calculated as the ratio of luciferase activity to Renilla luciferase activity to avoid variations in transfection efficiency and cell number. Transcriptional activity induced by each compound of interest was expressed as the percentage of that induced by 1 nM DHT (AR) or E 2 (ER␣ and ER␤).
In Vitro Amino Terminus-Carboxyl Terminus Interaction. The amino terminus-carboxyl terminus (N-C) interaction of the AR can be identified by a mammalian two-hybrid assay. CV-1 cells were maintained and transfected as stated above. Cells in each dish were transfected with 45 g of pG5Luc, 2.5 g of pACT AR-N-terminal domain, 2.5 g of pBind AR-LBD, and 1 g of CMVLuc. If the ligand/receptor complex facilitates interaction between the N-terminal domain and the LBD, the close proximity of the activating domain to the DNA binding domain results in an increase in luciferase activity. Cells were subsequently plated and treated as described above. Experiments in our laboratories determined that 10 nM DHT was the lowest concentration that maximally induced the N-C interaction (data not shown). Therefore, in the present study, the interaction induced by 10 nM DHT was set as 100% and used as the reference for quantifying the activity of the test compounds. Luciferase assays were performed as described above, and the N-C interaction induced by each compound of interest was expressed as the percentage of that induced by 10 nM DHT.
Animals. Male and female Sprague-Dawley rats were purchased from Harlan (Indianapolis, IN). The animals were maintained on a 12-h light, 12-h dark cycle with food and water available ad libitum. All animal studies were conducted under the auspices of animal protocols approved by the Institutional Laboratory Animal Care and Use Committee at the University of Tennessee (male pharmacologic studies) or Ohio State University (female behavior studies and uterine effects).
In Vivo Pharmacologic Activity. The in vivo pharmacologic activity of each AR ligand was first determined in castrated male rats. Animals weighing approximately 200 g were randomly distributed into groups (n ϭ 5/group). Animals were orchidectomized via scrotal incision under ketamine/xylazine anesthesia 24 h before drug treatment and received daily subcutaneous injections of the test compound, at a dose rate of 1 mg/day, for 14 days. Each AR ligand was freshly dissolved in vehicle containing dimethyl sulfoxide (DMSO; Sigma-Aldrich)/polyethylene glycol 300 (PEG300; Sigma-Aldrich) [10/90 (v/v) ] before daily administration. An additional two groups of animals (n ϭ 5/group) with or without castration received vehicle only and served as castrate or intact control groups, respectively. Animals were weighed, anesthetized, and sacrificed within 24 h after the last dose. The ventral prostate, seminal vesicles, and levator ani muscle were removed, cleared of extraneous tissue, and weighed. All organ weights were normalized to total body weight and compared. The weights of the prostate and seminal vesicles were used to evaluate androgenic activity, and the levator ani muscle weight was used as a measure of anabolic activity. Percentage changes were determined by comparison with intact animals.
Effects of Treatment on Sexual Motivation in Female Rats. The effects of SARMs on female sexual motivation were determined in OVX rats. Female animals weighing approximately 150 g were randomly distributed into groups (n ϭ 6/group). Animals were ovariectomized via dorsal incision under ketamine/xylazine anesthesia 24 h before drug treatment and received daily subcutaneous injections of the test compound. An additional two groups of animals (n ϭ 6/group) with or without ovariectomization received vehicle only and served as gonadectomized or intact control groups, respectively. Compounds of interest were freshly dissolved in vehicle containing DMSO/PEG300 [5/95 (v/v) ] and administered at a daily dose of 3 mg/kg/day for 14 days. Doses ranging from 0.05 to 0.75 mg/day were also administered for S-23, a SARM previously shown to be useful in regulating male fertility (Jones et al., 2009) . TP (Sigma-Aldrich) was used as a positive control, and TP coadministered with R-bicalutamide (an antiandrogen) was used to confirm the importance of AR activation to the observed effects.
Behavioral testing was performed in a three-compartment chamber with wood shavings covering the floor and conducted during the early portion of the dark cycle under dim red light within 12 h after the last dose. Sexually experienced female rats were acclimated to the chamber during three separate 15-min periods, two the week before behavioral testing and another immediately before testing. During this time, the female rats explored the testing chamber in the absence of stimulus male rats. Four hours before behavioral testing, female rats received a subcutaneous injection of 0.1 mg of progesterone (5% DMSO in PEG300; Sigma-Aldrich) to facilitate sexual behavior. After the final 15-min acclimation period, individual females were restricted to the central compartment, while the stimulus male rats, one intact and one castrated (castrated via scrotal incision under ketamine/xylazine anesthesia 14 days before behavioral testing) weighing more than 400 g, were sequestered individually in the lateral compartments. Six different pairs of males (one intact and one castrated) were used for each treatment group, with differing intact and castrated males being used for each individual female. The rats underwent a 5-min habituation period with opaque partitions in place. After this period, the opaque partitions were removed and the female rat was able to move freely throughout the three chambers for the 30-min behavioral testing period. The larger size of the male rats prevented movement between compartments. The duration of time spent in each compartment by the OVX female was recorded. Compartment entries (intact compartment, central compartment, or castrated compartment) were scored when all four paws of the female rat passed through the tube into a compartment. The jpet.aspetjournals.org amount of time (minutes) the female spent with the intact male and castrate are reported. Animals were weighed, anesthetized, and sacrificed within 24 h after the last dose. The uterus was removed, cleared of extraneous tissue, and weighed. Uterine weights were normalized to body weight and compared. Percentage changes were determined by comparison to intact animals. In a separate study, uteri from animals treated with 3 mg/kg/day (14 days) of TP, and the most active (S-23 and S-26) and least active (S-25) SARMs were fixed in 4% paraformaldehyde in PBS for histology. The uteri were dehydrated and stained with hematoxalylin and eosin and analyzed.
Hormone Assays. Serum LH and FSH were measured by using the MILLIPLEX MAP rat pituitary kit, according to the manufacturer's instructions (Millipore, Billerica, MA). The lower limits of quantitation for LH and FSH were 0.0049 and 0.477 ng/ml, respectively.
Statistical Analyses. All statistical analyses were performed by using single-factor ANOVA followed by Dunnett's multiple comparison test. Differences in which p Ͻ 0.05 were considered statistically significant.
Results
In Vitro Activity. An in vitro radiolabeled competitive binding assay was used to determine the relative AR binding affinity of each SARM, which was expressed as a percentage relative to DHT (relative binding affinity; RBA). The series of aryl propionamide analogs showed RBAs ranging from 3 to 27% (Table 1) . The R-isomer of compound S-23 (R-23) bound the AR very weakly with an RBA of 0.1% of DHT, confirming the enantioselective binding of this series of compounds. The para-monosubstituted halogen derivatives bound the AR with affinity directly varying with the electronegativity of the substituent. The disubstituted derivatives (S-28 and S-29) bound with slightly less affinity than their monosubstituted counterparts (S-24 and S-25). S-22 containing the cyano group at the paraposition bound the AR with an RBA of 16.8%. However, the meta-F, para-Cl derivative (S-23) displayed the highest binding affinity with an RBA of 26.5%.
The ability of these SARMs to induce AR-, ER␣-, and ER␤-mediated transcriptional activation was determined in an in vitro cotransfection assay. At 100 nM, S-23 displayed the most activity by stimulating AR-mediated transcriptional activation to 101% of that observed for 1 nM DHT (Table 1) . The cyano-containing compound S-22 and dichloro compound S-29 stimulated the AR similarly to 94 and 92% of DHT, respectively. The remaining SARMs stimulated ARmediated transcription to a lesser extent, ranging from 64.8 to 87.6%. The ability of the SARMs to induce ER␣-and ER␤-mediated transcriptional activation was also determined. S-23, S-24, and S-25 displayed weak ER␣ partial agonist activity, by stimulating ER␣-mediated transcription to 25, 19, and 24% of that observed for 1 nM E 2 , respectively (Table 1 ). S-23 was the only SARM tested that exhibited minimal ER␤-mediated transcription (28.1%) compared with that of the vehicle control (19.3%; Table 1 ).
The ability of these SARMs to induce interaction between the amino terminus and the carboxyl terminus of the AR was determined in a two-hybrid assay. The SARMs displayed a dose-dependent increase in interaction, with S-22 and S-23 maximally inducing the interaction to 115 and 90% of 10 nM DHT, respectively (Fig. 1) . The remaining SARMs only partially induced the N-C interaction, with minimal activity seen up to 100 nM. However, S-22, S-23, S-25, and S-28 induced activity to 32, 27, 16, and 36% of DHT at 10 nM, respectively.
Pharmacologic Activity in Orchidectomized and Ovariectomized Rats. The in vivo androgenic and anabolic activity of the series of SARMs was first determined in castrated male rats after 14 days of drug administration. After castration and subsequent depletion of endogenous testosterone, the prostate and levator ani muscle significantly decreased in size to 9 and 39.7% of that observed for intact control, respectively. Previous studies in our laboratories displayed the nonselective nature of TP in castrated male rats, producing an equipotent and equi-efficacious dose- de-TABLE 1 Chemical structures, AR binding affinity, and in vitro activity of nonsteroidal AR ligands AR relative binding affinities were determined by using a radiolabeled competitive assay and presented as a percentage of DHT. The ability of the compound of interest to induce AR-or ER-mediated transcription was determined by using a cotransfection assay. The transcriptional activity induced by each compound at a concentration of 100 or 1000 nM was reported as the percentage of that observed for 1 nM DHT or E 2 for the AR and ER, respectively. Data are presented as mean Ϯ S.D. pendent increase in both androgenic and anabolic tissues. The weights of the prostate and levator ani muscle were restored to 121 and 70% of intact control at 0.75 mg/day, respectively (Yin et al., 2003a) . Likewise, S-23 displayed only moderate tissue selectivity at 1 mg/day, maximally maintaining the size of the prostate at 110% and the levator ani muscle at 136% of intact control (Table 2) . S-22 and S-30 displayed the greatest selectivity for anabolic tissues, increasing the size of the levator ani muscle to 136 and 128%, while maintaining the prostate at only 51.1 and 41.4% of that observed in intact control, respectively. S-24 was the least active SARM in this series, maintaining the prostate at only 8% and the levator ani muscle at 70% of intact control. The remaining SARMs displayed tissue selectivity for anabolic tissues, maintaining the levator ani muscle close to that of intact control (ranging from 82% for S-29 to 111% for S-25) and the prostate around 50% (ranging from 33% for S-29 to 60% for S-25). In addition, the inactive isomer of S-23 (R-23), displayed no in vivo activity with tissue weights similar to castrate control, with the prostate and levator ani muscle reducing to 7 and 34% of that observed for intact control, respectively. The in vivo pharmacologic activity of these SARMs in OVX female rats was assessed by uterine weight. Upon excision of ovaries, the uterus reduces to approximately 16% of that observed in intact control. Administration of 3 mg/kg/day TP maintains the uterus at 79%; however, the ability of TP to maintain the size of the uterus was inhibited by cotreatment with bicalutamide, which caused the uterus to reduce to 28% of intact control ( Fig. 2A) . S-23 displayed the most androgenic activity in ORX males and also showed the greatest uterine activity in OVX females, maintaining the uterus at 98.9% of intact control at 3 mg/kg/day. In addition, the uterus responded in a dose-dependent manner to S-23, increasing in size from 37.8% at 0.05 mg/day to 79.5% at 0.75 mg/day compared with intact control (Fig. 2B) . With the exception of S-23, all of the SARMs demonstrated weaker partial agonist activity in the uterus than TP, with the uteri ranging in size from 21% for S-30 to 47% for S-22 at 3 mg/kg/day. R-23 maintained the size of the uterus at 27% of that observed in intact control. Additionally, the in vivo pharmacologic activity of these SARMs in male (prostate) and female (uterus) rats is highly correlated, with a correlation coefficient of 0.94 (Fig. 3) .
The effects of TP and SARMs on endometrial and myometrial thickness were determined by histological analysis. The average thickness of the endometrium and myometrium in the intact control group was 1.23 and 1.08 mm, respectively (Fig. 4A) . Ovariectomy reduced these layers of the uterine wall to 0.78 and 0.67 mm, respectively. TP and SARMs selectively increased the myometrial layer, increasing the thicknesses to larger than that observed for intact control, ranging from 1.34 mm (S-26) to 1.53 mm (S-23). TP and SARMs maintained the thickness of the endometrium slightly below that of intact control.
Effects of Treatment on Female Sexual Motivation in Ovariectomized Rats. The influence of SARMs on female sexual motivation and solicitation in OVX female rats was analyzed in a partner-preference paradigm. As expected in this model, the progesterone-primed, vehicle-treated OVX female rat displayed no preference for the sexually active intact male or Fig. 1 . In vitro N-C interaction. The ability of each SARM to induce interaction between the amino terminus and the carboxyl terminus of the AR was determined in a twohybrid assay. The activity induced by each compound at 1, 10, 100, or 1000 nM is reported as a percentage of that observed for 10 nM DHT. Dashed line indicates 100% (i.e., 10 nM DHT). Data are presented as mean Ϯ S.D.
TABLE 2 Pharmacologic activity of SARMs in castrated male rats
Castrated male rats were treated with SARMs (1 mg/d) for 14 days. Vehicle-treated intact and castrate groups were also included as controls. Prostate and levator ani muscle weights were measured at the end of the treatment period to determine androgenic and anabolic activity of each SARM, respectively. All organ weights were normalized to body weight and presented as a percentage of the vehicle-treated, intact control group. Data are presented as mean Ϯ S.D. (Fig. 5A) . On the contrary, a significant increase in sexual motivation was observed in TPtreated females, which displayed a preference for the intact male of 22.6%. When TP was coadministered with bicalutamide, sexual preference was reduced. Six of the nine SARMs caused a significant increase in sexual motivation, displaying a preference for the intact males over castrate. Although S-26 was the most active of the SARMs tested, the other monosubstituted, para-halogen derivatives (i.e., S-24, S-25, and S-27) showed less or no ability to enhance sexual motivation. With the unexplained exception of the group receiving doses of 0.3 mg/day, all females that received S-23, primed with progesterone, demonstrated a significant increase in sexual motivation, with similar increases seen at doses ranging from 0.05 mg/day to 3 mg/kg/day (Fig. 5B) . It should be noted that although S-30 displayed a significant increase in sexual motivation it showed the least pharmacologic activity in the uterus. It is noteworthy that treatment with R-23 failed to elicit a significant increase in sexual motivation, indicating the stereoselective and AR-dependent nature of these pharmacologic effects. Effects of Treatment on Serum LH and FSH. Serum LH and FSH in intact female rats measured 0.8 and 8.2 ng/ml, respectively (Table 3) . Ovariectomy led to a significant elevation in serum LH (16.9 ng/ml) and FSH (158 ng/ml). At this dose, TP and all SARMs inhibited elevation of LH and measured below that of intact control. TP and S-23 were below the limit of quantitation. Ovariectomy-induced increases in FSH were also inhibited by TP and all SARMs, with the greatest reduction again observed with TP and S-23.
Compound

Discussion
Several clinical trials have displayed the beneficial effects of transdermal testosterone formulations for female sexual dysfunction (FSD) in women with low serum testosterone levels. Women in these trials reported improvements in sexual desire, pleasure, and orgasms ( A, pharmacologic activity of a series of SARMs in OVX female rats. B, dose-response of S-23 in OVX rats. OVX rats were treated with TP, TP/bicalutamide (TP/Bic), or a SARM (3 mg/kg/day) for 14 days. Vehicle-treated intact and OVX groups were also included as controls. Uterine weights were measured at the end of the treatment period, normalized to body weight, and presented as a percentage of the vehicle-treated, intact control group. Dashed lines indicate 100% (i.e., intact control). Data are presented as mean Ϯ S.D. ‫,ء‬ p Ͻ 0.05 compared with the vehicle-treated, intact control group. Shifren et al., 2006; Davis et al., 2008a) . However, untoward effects associated with steroidal preparations plague the widespread use of testosterone for many indications, including HSDD. The recent developmental breakthroughs of nonsteroidal SARMs provide an alternative to testosterone for clinical use. SARMs have favorable pharmacokinetic profiles and tissue selectivity, thereby maintaining the anabolic actions of endogenous androgens without the virilizing consequences associated with traditional steroidal androgen therapies.
The structure-activity relationships that define the interaction between novel nonsteroidal ligands and the AR have been extensively studied in our laboratories (Dalton et al., 1998; He et al., 2002; Yin et al., 2003b; Marhefka et al., 2004; Chen et al., 2005b; Kim et al., 2005; Bohl et al., 2008 ) and many others (Long et al., 2008; Zhao et al., 2008; Zhou et al., 2008; Nirschl et al., 2009 ). In our quest to develop novel SARMs, innumerable structural modifications were made to the aryl propionamide backbone to optimize in vitro and in vivo activity. Key structural elements include an electrondeficient aromatic A-ring, a methyl group linked to the chiral carbon (S-isomer), an ether linkage, and electronegative substituents in the meta-and/or para-positions of the aromatic B-ring (Table 1) . A series of nonsteroidal AR ligands was developed to study the influence of multiple B-ring substitutions on binding affinity and pharmacologic activity.
In the current study, in vitro and in vivo assays were used to assess the potential efficacy of SARMs for FSD. Previous studies revealed the importance of hydrogen bond acceptor groups in the meta-and para-positions of the A-ring (Yin et al., 2003b; Bohl et al., 2004) . In addition, previous reports of structureactivity relationships demonstrated hydrophilic electron-withdrawing groups were favorable on the para-position of the Bring, whereas halogens could be placed at any position Chen et al., 2005b) . Therefore, in the current study, structural modifications were made only to the B-ring because it is critical for agonist activity. The inactive isomer of S-23 (R-23) did not bind the AR or induce AR-, ER␣-, or ER␤-mediated transcriptional activity, revealing the stereoselective nature of the AR for these ligands. The para-monosubstituted halogen derivatives bound the AR with RBAs ranging from 3.2% for the para-iodo derivative to 12.1% for the para-fluoro derivative, demonstrating that affinity increases with electronegativity (F Ͼ Cl Ͼ Br Ͼ I). Affinity was hindered when the same halogen was added to the meta-position of the B-ring (compare S-24 with S-28 and S-25 with S-29). Binding affinity was negatively influenced by adding extra bulk at the paraposition, as evidenced by the acetamide on S-30 and the decreasing affinity as bulk increases on the monosubstituted halogen derivatives (I Ͼ Br Ͼ Cl Ͼ F). Modifying the meta-and para-substituents had a small influence on the ability of each SARM to stimulate AR-mediated transcriptional activation, with maximal transactivation abilities ranging between 80 and 101% for all but one SARM (S-27). In addition, the SARMs displayed minimal cross-reactivity with the ER␣ and ER␤, which was observed only at high concentrations (i.e., 1 M). As a whole, in vitro measures of binding affinity and transactivation ability did little to distinguish one compound from another.
The potency of each SARM in androgenic and anabolic tissues is dramatically influenced by modifying B-ring substituents. With the exception of S-23, halogen-substituted SARMs demonstrated partial agonist activity in androgenic tissues and partial (S-24 and S-29) to full agonist activity in anabolic tissues in castrated male rats. S-23 bound the AR with the highest affinity and was the least tissue-selective SARM, displaying full agonist activity in androgenic and anabolic tissues in castrated rats with the dose-response curve in the prostate shifted slightly toward higher doses. The electronegative cyano group of S-22 also displayed high AR binding affinity; however, the monosubstitution offered more tissue selectivity than the disubstituted S-23. The bulky para-acetamide of A-30 significantly reduced AR binding affinity, but was highly tissue-selective and exhibited potent anabolic activity.
A separate study showed that a SARM structurally similar to S-23 when combined with estradiol benzoate is able to restore mating behavior in long-term castrated rats (Jones et al., 2009) . Likewise, Miner et al., (2007) reported a bicyclic quinolinone derivative that is able to prevent loss of sexual behavior that occurs after castration. The ability of the nonaromatizable SARMs to support male sexual function speaks to the importance of the AR in this gender. However, the role of androgens in female sexual behavior remains questionable.
The partner-preference paradigm is frequently used to evaluate the proceptive behavior, or soliciting actions, of female rats. The test animal is given the opportunity to choose between a sexually active intact male and either a receptive female or a sexually inactive ORX male (stimulus animals). Edwards and Pfeifle (1983) showed that when OVX rats were primed with estradiol benzoate and progesterone they displayed high levels of proceptive behavior in the presence of sexually active males, but this activity significantly decreased when a sexually inactive male or female was present. Estrogen was administered to elicit sexual behavior; however progesterone is required to facilitate both proceptive and receptive behaviors (Erskine, 1989) . Allan et al. (2007) were the first to report the effectiveness of SARMs in female rats, showing that a pyrazoline-derived SARM was able to enhance a female's preference for sexually active males.
As women age, androgen production declines, as does sexual desire and activity. Suppressed circulating free testosterone levels may also result from oral estrogen therapy (Tazuke et al., Fig. 3 . Correlation of male and female pharmacologic activity. OVX female rats and ORX male rats were treated with a SARM, 3 mg/kg/day or 1 mg/day, respectively, for 14 days. Uterine and prostate weights were measured at the end of the treatment period, normalized to body weight, and presented as a percentage of the vehicle-treated, intact control group. Uterine and prostatic activity of each SARM were compared, and nonlinear regression was performed, with a correlation of 0.94.
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at ASPET Journals on April 29, 2017 jpet.aspetjournals.org Downloaded from 1992), glucocorticosteroid administration (Abraham, 1974) , chemotherapy, or irradiation. The most accepted indication for transdermal testosterone therapy in women with low circulating testosterone is FSD. The current study was designed to investigate the effects of TP and SARMs on female sexual motivation in the partner-preference paradigm. Reduction of endogenous estrogen and testosterone levels after ovariectomy decreased the female's sexual activity, showing no preference for the intact or castrated male. However, progesterone-primed, SARM-treated rats preferred the company of the intact male, with S-22, S-23 (dose-response), and S-26 being comparable with TP-treated rats, without adversely affecting uterine growth. Females administered low doses (0.05 and 0.1 mg/day) of S-23 displayed a preference for the intact male while maintaining the uterus at less than 40% of intact control. The extent of N-C interaction induced by a ligand seemed to be a reliable predictor of the pharmacologic activity of the ligand in the uterus and the prostate. S-22, S-23, S-25, S-26, and S-27 were the most efficacious in vitro by inducing the N-C interaction at 10 and 100 nM. The same SARMs increased the weight of the uterus and prostate to the greatest extent. It is noteworthy that growth observed after TP and SARM administration seems to be caused by growth of the myometrium, the smooth muscle of the uterus, and not the endometrium. In addition, in vivo pharmacologic activity in male and female rats is highly correlated, with a correlation coefficient of 0.94 (p ϭ 0.0002) for uterine and prostatic activity.
S-25 and S-26 similarly maintained the weight of the uterus in females and prostate and levator ani muscle in male rats. However, S-26 maintained sexual motivation, whereas S-25 did not. Serum LH and FSH levels were measured to determine whether this discrepancy could be caused by their ability (or inability) to penetrate the central nervous system. However, S-25 and S-26 inhibited OVX-induced elevations in LH and FSH to a similar extent; therefore, lack of central nervous system penetration does not explain the inability of S-25 to maintain sexual motivation.
There does not seem to be a correlation between B-ring substitutions and the ability of the SARMs to support female sexual motivation. The cyano-substituted SARM (S-22) and the mixed halogen-substituted SARM (S-23) bind the AR with high affinity, possess potent anabolic activity, and enhance sexual motivation in female rats. In addition, monosubstituted halogen-containing SARMs bind the AR with varying affinities and display a wide range of in vivo activities. However, the ability of S-23 and the inability of S-24 to enhance sexual motivation, coupled with their activity in castrated male rats, suggest that the ability of SARMs to enhance sexual motivation may be associated with their androgenic and anabolic pharmacologic properties. Most SARMs improved sexual motivation, with potency and efficacy comparable with that of TP. Estrogen is an active metabolite of testosterone, but it is not clear whether the actions of testosterone in women are predominantly mediated via the AR or after aromatization via the ER. However, SARMs are nonaromatizable and do not cross-react with the ER, indicating that the AR plays an important role in female libido. Coadministration of TP with an antiandrogen-reduced sexual preference of the female for an intact male also implies that the AR is involved in female sexual behavior. These results suggest that SARMs could be an effective therapy for FSD.
In conclusion, the current studies examined the binding affinity and activity of a series of nonsteroidal SARMs. Structural modifications to the meta-and para-positions of the B-ring resulted in a range of in vitro AR binding affinities and functional activities. With the exception of S-23, all of the SARMs tested were prostate-sparing, selectively maintaining the size of the levator ani muscle in castrated male rats. Most nonsteroidal SARMs improved sexual motivation of OVX female rats in a partner-preference paradigm, comparable with TP, while maintaining the uterine weights at less than 50% of intact control. These studies indicate that it is possible to develop a SARM that enhances sexual motivation and is selective but does not adversely effect proliferation of the endometrium (e.g., S-30). SARMs, with many advantages over traditional steroidal androgen preparations, could be beneficial in the clinical treatment of hypoactive sexual desire disorder.
